Adhesion of blood-borne monocytes to the vascular endothelium is the first step in the infiltration of this leukocyte into the vessel wall or the interstitial space 
Introduction
Involvement of the blood-borne monocyte in phenomena related to vascular interactions that include wound healing and atherosclerosis, though currently well recognized, remains to be defined on a molecular level. The monocyte-derived macrophage has been implicated in several aspects of atherosclerotic plaque development (1) (2) (3) (4) . First, these cells can contribute to the formation of fatty streak lesions by ingesting massive amounts of lipid and thus developing into foam cells (5) (6) (7) . Second, in vitro experiments indicate that the monocyte/ macrophage is capable of producing a growth factor for vascular smooth muscle cells (SMCs),' thus potentially contributing to the proliferative stages of plaque development (8, 9) . Third, the monocyte/macrophage may contribute to vascular wall injury by generating cytotoxic factors for neighboring SMCs (10) or by physical damage to the endothelium during the proposed emigration of the foam cell from the intima (1 1).
The first step in monocyte involvement in vascular wall events is the attachment of this blood-borne cell to the endothelium. The adherence of mononuclear cells to the endothelium of large vessels during the early stages of experimentally induced atherosclerosis has been observed in many animal model systems over the years. The rigorous identification of these adherent mononuclear cells as blood-borne monocytes and a detailed temporal account of their transendothelial migration, however, has been reported only recently. These detailed studies were performed on such model systems as the hypercholesterolemic swine (11, 12) , monkey (13), rat (14) , and pigeon (15) . All of these systems have yielded consistent results-a highly focal adhesion of monocytes as an early event after high-cholesterol feeding. Important points that remain unclear include the mechanism by which hypercholesterolemia causes increased adherence of monocytes to the endothelium and the reason why the monocytes adhere to specific regions of the vessel wall.
Leukocyte adhesion to the endothelium in vitro has been studied by several investigators in the past decade, but the majority of the studies have utilized mixtures of white cells (16-18), purified neutrophils (19) (20) (21) , or even macrophages (22, 23) rather than monocytes. Neutrophils have been used extensively not only because of their importance in the initial events of the inflammatory response but presumably because of the ease with which homogenous cell populations can be obtained from whole blood. Pure populations of monocytes, on the other hand, are difficult to obtain in the absence of either an attachment step, which can cause activation of the cells, or counterflow elutriation-a high-resolution but timeconsuming technique. Large numbers of homogenous monocytes are necessary in order to extensively study the molecular interactions involved in the adhesion of monocytes to the endothelium. We decided to determine whether U937 cells (24), a human monocytelike cell line, might be used as a model for the blood-borne monocyte in endothelial cell (EC) adhesion experiments. U937 cells, which were originally derived from a diffuse histiocytic lymphoma, exhibit many characteristics of monocytes including complement and Fc receptors, phagocytic activity, sodium fluoride-sensitive esterase activity, lysozyme production, and chemotactic responsiveness to N-formyl-methionyl-leucyl-phenylalanine when activated (24, 25) . U937 cells are advantageous in that virtually unlimited numbers of homogenous cells can be prepared (population doubling time of 20 h), labeling of the cells is readily achieved with 5"Cr or [3H]thymidine, and, most importantly for adhesion studies, they exhibit no tendency to attach to tissue culture plastic. We have examined the target cell specificity of U937 cell attachment and have characterized the adhesion of U937 cells to cultured ECs under various conditions. Our results suggest that this monocytic cell line may be an important tool in the study of the mechanisms involved in monocyte-endothelium attachment.
Methods
Cell culture. Cultures of bovine aortic ECs, porcine aortic ECs, and human umbilical vein ECs were isolated and maintained as previously described (26). Rat heart ECs were cloned by limiting dilution of cultures derived from enzyme-perfused hearts and originally grown on a selective substratum (Primaria, Falcon Labware, Oxnard, CA). Cells were identified as ECs by nonoverlapping cobblestone culture morphology, production of a platelet-derived growth factor-like protein, and complete lack of platelet-derived growth factor receptors (26). SMCs from bovine and porcine aorta as well as human foreskin fibroblasts were obtained by the explant method of Ross (27) . The above cells were maintained in a 1:1 mixture of Dulbecco-Vogtmodified Eagle's medium with high glucose and Ham's F12 (DV/F12 media) supplemented with sodium bicarbonate (0.24%), penicillin (100 U/ml), streptomycin (100 ,ug/ml), nonessential amino acids (0.1 mM), sodium pyruvate (1 mM), and L-glutamine (4 mM). Media and supplements were obtained from Gibco Laboratories (Grand Island, NY). Cells were subcultured with trypsin-EDTA (0.05% trypsin [Wor- Fractions of mononuclear cells were isolated using a Beckman J2-21 centrifuge equipped with a JE-6 elutriation and rotor system by published methods (29, 30) . Rotor speed was fixed at 2,030 rpm and held at 12'-18'C. Flow rates started at an initial rate of 7.0 ml/min (Cole-Parmer Master Flex Pump, Cole-Parmer Instrument Co., Chicago, IL) and increased in steps up to 30 ml/min. 50-150-ml fractions were collected in 50-ml centrifuge tubes on ice. Cells were washed twice, resuspended in DV/F12 medium containing 5% fetal bovine serum, and counted for viable cells using trypan blue exclusion and a hemacytometer. The differential composition of each fraction was determined on cytocentrifuge preparations by May Grunwald Giemsa stain, and blindly scored for monocytes by two experienced technicians. The scoring method has been found to yield numbers of monocytes which are in good agreement with those obtained by latex particle phagocytosis and nonspecific esterase staining. In addition, the elutriation results in terms of elution patterns of platelets, lymphocytes, and monocytes are very similar to the published results of others using fixed rotor speed (30 |U937, freel cells/ml x 10-6 Figure 2 . Effect of U937 cell number on adhesion to porcine aortic ECs. A routine adhesion assay was performed; however, the number of "Cr-labeled U937 cells in the incubation was varied as shown. Porcine aortic ECs were plated at 105 cells/well of a 24-well plate in DV/Fl2 media plus 5% fetal bovine serum. After overnight incubation, four wells were treated with either trypsin or Triton X-100 for 5 min at room temperature and then washed with serum containing media. An aliquot of labeled U937 cells was similarly treated with trypsin. A U937 cell adhesion assay was performed; data are expressed as mean±SE (n = 4).
elutriation. Fractions that contained a majority of platelets and/or lymphocytes exhibited no ability to block subsequent binding of U937 cells to ECs (Table IV) . Though some lymphocyte binding to the monolayer was observed after the preincubation, no inhibition in subsequent U937 cell binding was observed. Elutriated fractions containing a large percentage of monocytes were able to efficiently block the subsequent binding of U937 cells as determined both visually and by use of labeled U937 cells (Table IV) . Binding of U937 cells to ECs was very high in this study due to the sparse cultures used in the experiment (see next subsection). The blood monocytes were at least as potent on a per cell basis as unlabeled U937 Effect of EC density and migration on U937 cell adhesion.
Adhesion of U937 cells to bovine aortic ECs was found to be very low in our initial studies (Table I) in which all cells were near confluence. To examine the possibility that U937 cell adhesion is a function of EC density, we varied the plating density of the target cell. As shown in Fig. 3 Target cells (5 X 104) were suspended in DV/F12 + 5% fetal bovine serum and plated 18 h prior to the adhesion assay. Cells were either seeded in 0.5 ml per well (sparse cultures) or in a 0. l-ml drop or bubble culture in the center of the well (24-well plate). Half the latter cultures were given an additional 0.4 ml of media per well to flood the well following a 2-h incubation at 370C to allow attachment. Incubation was then continued at 370C until the adhesion assay (migrating from confluent). The remaining bubble cultures were not flooded until the time of the adhesion assay (confined confluent).
Discussion
Leukocyte interaction with the endothelium has been the subject of much research in the past few years due to the importance of this phenomenon in the processes of inflammation, wound healing, and atherogenesis. Tissue culture systems have been developed by others to study leukocyte-EC attachment but most reports have involved the use of either purified neutrophils or unfractionated white cells (16-21). Adhesion studies with purified monocytes have been rare, perhaps due to the difficulty in obtaining adequate numbers of homogenous cell populations in the absence of an adhesion
step. An in vitro system to study monocyte-EC attachment would be of great use in defining the molecular events that occur when these two cells interact on the vessel wall. The plate. Cells were then removed from approximately one-half of each well with a sterile cotton swab. Each well was rinsed with fresh media and then incubation continued for 16 h at 37°C. An adhesion assay was then performed by adding 5 X 106 U937 cells/well in 2 ml of media. After 2 h at 4'C wells were washed and fresh media added for phase-contrast microscopy. Photographs are of representative fields from (a) the confluent monolayer away from the wound edge, (b) cells at wound edge, (c) cells and exposed plastic near the wound edge, and (d) exposed plastic away from the wound edge.
U937 Cell Adhesion to Cultured Endothelium (37, 38) , thus leading to activation and attachment of circulating monocytes. Alternatively, dying cells may express more binding sites for the monocyte. Binding of monocytic cells to dead ECs that are still attached to the vessel wall has been described (39, 40) . In agreement with the in vivo monocyte results of Joris et al. (14) , we have found that the ECs to which multiple U937 cells adhere are viable by vital dye exclusion, by morphology, and by the fact that they remain attached to substratum after a rigorous washing procedure. Recent studies by others have indicated that monocytes most readily adhere to ECs that are regenerating in response to an experimental mechanical injury in hypercholesterolemic rabbits (41) . We have demonstrated a much greater degree of binding of U937 cells to ECs that are migrating into a mechanically generated "wound" in a confluent culture.
A density-dependent adhesion of peritoneal macrophages to cultured aortic ECs has been described recently by others (22) . Our studies on sparse vs. confluent ECs, as well as the wounding experiments, indicate that monocytes also exhibit a greater tendency to adhere to sparse vs. confluent ECs. Two possible mechanisms for increased binding of monocytes to sparse ECs are an increased expression of monocyte binding sites when ECs are either (a) actively migrating or (b) proliferating in response to a stimulus. EC exhibit a stringent contact-inhibited culture morphology with a striking degree of saturation density inhibition of growth, i.e., confluent cultures, similar to the in vivo situation, exhibit a very small growth fraction (42) . In addition, free migration of individual ECs is completely restricted in a confluent monolayer. When ECs are plated sparsely or when a confluent culture is "wounded," a large percentage of cells begin to migrate and enter the cell cycle. Our current studies do not distinguish between a role for EC migration vs. proliferation in monocyte binding although preliminary results in our laboratory indicate that entrance into the cell cycle may be important in the expression of monocyte binding sites. It should be pointed out that in all of our reported experiments, target cells were trypsinized and used within 48 h of plating. DeBono and Green (22) have reported a decline in peritoneal macrophage adherence with the length of time an EC culture has been maintained since plating. Our own preliminary studies indicate that U937 cell binding sites on ECs may also be reduced with time in culture.
In summary, we have described a model system for monocyte adhesion to the endothelium which exhibits several properties consistent not only with experiments in vitro using normal blood monocytes but with observations by others in vivo on monocyte attachment to the vessel wall. The model system should be helpful in answering mechanistic questions regarding cell-cell attachment under completely defined conditions.
